Introduction {#Sec1}
============

Within the macrocyclic compounds family, calixarenes are certainly amongst the most popular members, due to their fascinating chemical and physical properties^[@CR1]^. Indeed, since its renewal in the late 70's^[@CR1]^, calixarene chemistry tremendously expanded and found its way in most fields of molecular chemistry and materials^[@CR1]--[@CR4]^. As a consequence, calixarenes are now very popular building blocks in such diverse areas as molecular^[@CR5]--[@CR12]^ and supramolecular systems^[@CR13]--[@CR15]^ (rotaxanes^[@CR16],[@CR17]^, inclusion complexes^[@CR18]--[@CR20]^, solid-state architectures^[@CR21]^, ionic recognition^[@CR1],[@CR4],[@CR22]--[@CR24]^, synthesis of nanoparticles-based architectures and catalysis^[@CR12],[@CR25]--[@CR33]^, biological applications^[@CR34]--[@CR37]^, and so on.

Despite a sustained interest in the calixarene field, the number of existing calixarenic platforms is still surprisingly small. This is mostly due to the inherent difficulty of calixarene synthesis, especially regarding purification concerns. As a consequence, *p*-(^t^Bu)phenol is to date the only starting product allowing for calixarenes of various sizes to be easily obtained in the pure state on a large scale, thanks to the considerable work of Gutsche and collaborators during the 80's^[@CR1],[@CR38]--[@CR40]^. The size of these macrocycles usually ranges from 4 to 8 phenolic repeating units (PRUs), with only very few studies being devoted to larger members (up to 20 PRU^[@CR41]--[@CR46]^).

Calixarenes are generally obtained by mean of a base-catalyzed condensation between a suitably *p*-functionalized phenol with formaldehyde or paraformaldehyde^[@CR38],[@CR47]^. Only a handful of Lewis^[@CR48]^ or Brönsted^[@CR41]^ acid-catalyzed syntheses are known. Two different synthetic processes are commonly used. The first one is a one-step process, all the components (phenol/formaldehyde/base) being refluxed in a high boiling solvent (ex. xylene). The second one is a two-steps process, initially optimized by Gutsche and co-workers for the synthesis of *p*-(^t^Bu)calix\[4\] and \[6\]arenes^[@CR39],[@CR40]^. In this case, a solid phenol/formaldehyde condensation product is obtained during a first step (the so-called precursor). This solid precursor is subsequently refluxed in a high boiling solvent during a second step, leading to the formation of calixarenes (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1The two base-catalyzed processes used for giant calixarenes synthesis. The conditions used are summarized on the scheme

We show here that both the one-step and two-steps processes, used in combination with some specific *p*-functionalized phenols, lead to a surprisingly high yield (up to 65%) of very large cyclic oligomers, the giant calixarenes.

This strongly contrasts with the well-known *p*-(^t^Bu)phenol/formaldehyde/base system, that under the same conditions leads to classical, small sized calixarenes (with 4 to 8 PRU) as the main products^[@CR47]^. The average size of these giant macrocycles can be easily tuned, notably by a proper choice of the base used as catalyst and its amount. Surprisingly, we found that very large cyclic oligomers can also be obtained according to a quasi-solid-state synthesis, without any kind of stirring/grinding mechanism. This example of a quasi-solid-state synthesis of calixarene suggests a particular reactivity under these conditions. The size range of these molecule, and their large number of functionalization sites make them organic nanoobjects (in the same way as dendrimers). Their interest is reinforced by the fact that both sides of *p*-(benzyloxy)phenol-derived giant calixarenes can be orthogonally functionalized upon hydrogenolysis of the benzyloxy groups^[@CR11],[@CR27],[@CR28]^. We thus believe that giant calixarenes are opening a chapter in calixarenes history, and could also be interesting in some areas of nanosciences.

Results {#Sec2}
=======

Giant Calixarenes discovery {#Sec3}
---------------------------

This family of compounds was serendipitously discovered during the course of our investigations of the chemistry of *p*-(benzyloxy)calixarenes ^[@CR11],[@CR27],[@CR31],[@CR49]--[@CR52]^. During an attempted synthesis of *p*-(benzyloxy)calix\[6\]arene, we refluxed a mixture of *p*-(benzyloxy)phenol, formaldehyde and RbOH (0.3 equivalent vs. phenol) in xylene. This synthetic process is well known to produce *p*-(^t^Bu)calix\[6\]arene (74% yield) starting from *p*-(^t^Bu)phenol^[@CR38]^. To our surprise, the expected *p*-(benzyloxy)calix\[6\]arene was not obtained in such a high yield. A complex mixture of *p*-(benzyloxy)calixarenes was obtained instead, including *p*-(benzyloxy)calix\[5--8\]arenes (Fig. [2a](#Fig2){ref-type="fig"}). This attribution was made possible by comparing with authentic samples^[@CR49],[@CR50]^, using the most informative hydroquinone-type protons C, Fig. [2a, b](#Fig2){ref-type="fig"}.Fig. 2First evidences of giant calixarenes. **a** ^1^H NMR analysis (DMSO-d6) of the crude mixture of calixarenes obtained from a RbOH-catalyzed reaction (0.3 equivalent vs. phenol); **b** Zoom over the hydroquinone protons area; **c** ^1^H NMR spectrum of the first precipitate obtained by hot filtration of the acetone/DMSO solution; **d** ^1^H NMR and **e** MALDI-TOF MS (Na^+^ cationized) of the precipitate obtained upon cooling the acetone/DMSO solution. PRU numbers shown in boxes

Interestingly, an additional prominent signal was also observed around 6.52 ppm ((Fig. [2b](#Fig2){ref-type="fig"}), highlighted in red, calibration with the signal of DMSO-d6 at 2.49 ppm), whose chemical shifts does not correspond to any *p*-(benzyloxy)calixarene identified so far.

This unknown calixarene was purified according to purification processes based on a DMSO/acetone or DMSO/EtOH recrystallization. The DMSO-acetone purification process is sketched on Fig. [3](#Fig3){ref-type="fig"} (see also Supplementary Figs [27](#MOESM1){ref-type="media"} and [114](#MOESM1){ref-type="media"}). This process first allows for an easy elimination of *p*-(benzyloxy)calix\[8\]arene by hot filtration (precipitate P1, NMR on Fig. [2c](#Fig2){ref-type="fig"}). Second, upon storage of the corresponding acetone/DMSO filtrate F1 at 1 °C, this unknown calixarene was recovered as a microcrystalline precipitate (Fig. [3](#Fig3){ref-type="fig"}, precipitate P2) in a 15% yield (NMR on Fig. [2d/e](#Fig2){ref-type="fig"}, see also [Supplementary Methods](#MOESM1){ref-type="media"}). The analysis of the remaining filtrate F2 will be discussed later on.Fig. 3DMSO/acetone-based purification process of giant calixarenes. The different purification fractions are highlighted in red

The very high symmetry of the ^1^H NMR spectrum Fig. [2d](#Fig2){ref-type="fig"} is tentatively associated with a calixarene. Moreover, a combined ^1^H/^13^C NMR analysis shows the complete absence of the end groups commonly observed with linear oligomers^[@CR53]--[@CR58]^ (see Supplementary Figs [104](#MOESM1){ref-type="media"}--[108](#MOESM1){ref-type="media"} and [127](#MOESM1){ref-type="media"}). Surprisingly, MALDI-TOF MS analysis shows this sample to be indeed exclusively constituted by a mixture of large sized calixarenes, with a broad distribution ranging from 15 to 24 PRU, (M~PRU~ = 212 g/mol) (Fig. [2e](#Fig2){ref-type="fig"} and Supplementary Fig. [30](#MOESM1){ref-type="media"}). Along with the molecular peaks associated with the different calixarenes, minor signals at M−91 and M+22 atomic mass units (amu) are also observed, associated with photoinduced debenzylation and hydrogen/sodium exchanges, respectively. However, a puzzling feature of the ^1^H NMR spectrum shown on Fig. [2d](#Fig2){ref-type="fig"} (and Supplementary Fig. [29](#MOESM1){ref-type="media"}) is that despites the fact that this sample is constituted by a mixture of several large calixarenes, only sharp singlets are observed, reminiscent of one single calixarenic size. In order to get a rationale for this phenomenon, a purification process was designed, to obtain pure *p*-(benzyloxy)calix\[n\]arenes, *n* ranging from 9 to 16 PRUs (Supplementary Note [1](#MOESM1){ref-type="media"}). Interestingly, a comparison between the ^1^H NMR spectra of all these different calixarenes shows that chemical shifts are reaching asymptotic values as the ring size increases (Supplementary Fig. [11](#MOESM1){ref-type="media"}). This phenomenon has already been observed by Gutsche and co-worker with large *p*-(^t^Bu)calixarenes^[@CR41]^. Beyond a sufficient size, the local environment around a given phenolic unit remains identical from one calixarene to another. From Supplementary Fig. [11](#MOESM1){ref-type="media"}, we can estimate this threshold size around 14 PRU. We can thus consider the presence of these asymptotic chemical shifts (and notably the one around 6.52 ppm for the hydroquinone protons) as characteristic of giant calixarenes. These surprising results prompted us to develop an optimized protocol for giant calixarenes characterization and synthesis. Towards that goal, the influence of the different reaction parameters was systematically investigated

Giant calixarenes characterizations {#Sec4}
-----------------------------------

Characterizations were performed using a combination of ^1^H and ^13^C NMR (Supplementary Note [2](#MOESM1){ref-type="media"}), along with Pulsed Gradient Spin Echo (PGSE) NMR (Supplementary Note [6](#MOESM1){ref-type="media"}), Matrix-Assisted Laser Light Desorption-Ionisation Mass Spectrometry (MALDI-TOF MS, (Supplementary Note [3](#MOESM1){ref-type="media"})), Size Exclusion Chromatography (SEC, (Supplementary Note [4](#MOESM1){ref-type="media"})), Dynamic Light Scattering (DLS, (Supplementary Note [8](#MOESM1){ref-type="media"})), and Size Exclusion Chromatography Multiple Angle Light Scattering (SEC-MALS, (Supplementary Note [7](#MOESM1){ref-type="media"})). A pedagogic presentation of each of these different analytical tools is provided in the abovementioned [Supplementary Notes](#MOESM1){ref-type="media"}. The last three analytical tools are commonly used to determine the average molecular weight of polymers. Their use was made necessary as giant calixarenes are high molecular weight macromolecular objects, obtained as a mixture of ring sizes (as are polymers). Note that the results of both SEC and SEC-MALS experiments will be given as their  peak maximum molecular weight, i.e., from the most intense peak observed on the chromatogram. This corresponds to the most abundant specie in a given sample.

Figures [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}, [7](#Fig7){ref-type="fig"} are showing the complete analysis of three representative examples of giant calixarenes synthesis, exhibiting different sizes distributions (see [Supporting Information](#MOESM1){ref-type="media"} for other examples). The first one (Fig. [4](#Fig4){ref-type="fig"}, 30% yield, from 100 g of starting phenol) was obtained using the two-steps process with CsOH as a base (0.4 equivalent vs phenol). This sample was purified using the acetone/DMSO purification process (see Supplementary Figs [77](#MOESM1){ref-type="media"}--[82](#MOESM1){ref-type="media"}).Fig. 4Analysis of a giant calixarenes synthesis (two-steps process, 0.4 equivalent of CsOH vs phenol). **a** ^1^H NMR (DMSO-d6); **b** reflectron-mode MALDI-TOF MS (K^+^ cationized); **c** zoom over the MALDI-TOF MS spectrum (photoinduced debenzylations and hydrogen/metal exchanges shown as green and red arrows, respectively); **d** compared SEC analyses of purified giant calixarenes with a reference sample of pure *p*-(benzyloxy)calix\[16\]arene. PRU numbers shown in the boxesFig. 5Analysis of giant calixarenes synthesis (one-step process, 0.85 of RbOH vs phenol). **a** ^1^H NMR (DMSO-d6); **b** SEC, and **c** linear mode MALDI-TOF MS analysis of giant calixarenes (Cs^+^ cationized). **d** SEC-MALS analysis ; **e** DLS analysis (size distribution by volume); **f** the geometrical model used to fit DLS results. PRU numbers are shown in the boxesFig. 6Combined SEC **a** and MALDI-MS **b** analyses of a giant calixarene sample. PRU number shown in the boxesFig. 7Analysis of a sample with a size range centered around 90 PRUs as the main specie. **a** ^1^H NMR (DMSO-d6); **b** linear mode MALDI-TOF MS (Cs^+^ cationized); **c** SEC; and **d** SEC-MALS analyses of the largest calixarenes isolated (two-step process, 0.8 equivalent of RbOH vs phenol). PRU numbers are shown in boxes. The red and green asterisks are referring to calix\[8\]arene and giant calixarenes, respectively

In this case, both SEC and MALDI-TOF MS are giving coherent values, with a SEC-measured on peak size corresponding to a calix\[17\]arene.

In the same way, Fig. [5](#Fig5){ref-type="fig"} shows the analysis of another purified sample of giant calixarenes, obtained with RbOH as a base (0.85 equivalent vs phenol, see Supplementary Figs [39](#MOESM1){ref-type="media"}--[48](#MOESM1){ref-type="media"}), in a 61% yield (from 122 g of starting phenol) using the one-step process. This sample was purified using the DMSO/EtOH purification process. In this case, SEC analysis shows a much larger size distribution, with an on peak molecular weight centered on a calix\[29\]arene.

An acetamide-derivatized sample was used for the MALDI-TOF MS analysis in linear mode (Fig. [5c](#Fig5){ref-type="fig"}) to increase the signal-to-noise ratio (see Supplementary Note [3](#MOESM1){ref-type="media"} for details).

For these two examples, calixarenes were found to be, by far, the most abundant species, as evidenced by both MALDI-TOF MS and NMR analyses. Indeed, the only significant extra signals observed on the MALDI-TOF MS spectra are belonging to hydrogen/metal exchanges and debenzylations on one hand, or minor amounts of missing acetamide units (M-113) combined with H^+^/M^+^ exchanges on the other hand (Fig. [5c](#Fig5){ref-type="fig"}, zoom). As the ring size of the calixarenes increases, linear mode MALDI-TOF MS and SEC analyses are giving different sizes distribution. This is illustrated in the case of the RbOH-catalyzed synthesis (compare Fig. [5b/c](#Fig5){ref-type="fig"}). This is not surprising: as detailed in the Supplementary Note [3](#MOESM1){ref-type="media"}, the sensitivity of the MALDI-TOF MS analysis rapidly decreases as the molecular weight of the analyzed molecules increases. The amount of the largest species is thus underestimated. However, this analysis shows the absence of significant amounts of linear oligomers. If present, these linear oligomers are indeed easily detected (see Supplementary Figs [104](#MOESM1){ref-type="media"}--[108](#MOESM1){ref-type="media"} and [127](#MOESM1){ref-type="media"}).

In addition, the average molecular weight and the cyclic shape of these molecules were independently confirmed by a combined SEC-MALS (Fig. [5d](#Fig5){ref-type="fig"}, see also Supplementary Figs [47](#MOESM1){ref-type="media"} and [48](#MOESM1){ref-type="media"}) and DLS (Fig. [5f](#Fig5){ref-type="fig"} and Supplementary Fig. [46](#MOESM1){ref-type="media"}) study. It is also worth mentioning here that the same scale law was found for both reference samples of calixarenes and giant calixarenes, thus further demonstrating the cyclic shape of the laters (see Supplementary Note [9](#MOESM1){ref-type="media"}).

The SEC-MALS chromatogram (Fig. [5d](#Fig5){ref-type="fig"}) shows the elution of the products as detected by light scattering (red curve) and refractometry (blue one), after flowing  through a conventional Size Exclusion Chromatography (SEC) column. From the red curve, the instant molecular weight is determined using a mathematical model (gray curve)^[@CR59],[@CR60]^. At the same time, the blue chromatogram shows the elution of the products as detected by refractive index changes. The intercept between the top of this curve (green dashed line), and the gray curve gives the corresponding absolute molecular weight (green arrow). First, a SEC-MALS analysis of reference samples was performed, in order to check the accuracy of the method (see Supplementary Figs [20](#MOESM1){ref-type="media"} and [21](#MOESM1){ref-type="media"}).

In the example shown on Fig. [5](#Fig5){ref-type="fig"}, this analysis gives an absolute value of the molecular weight corresponding to 28 PRU, in good agreement with the one obtained by SEC (Fig. [5d](#Fig5){ref-type="fig"} and Supplementary Figs [47](#MOESM1){ref-type="media"} and [48](#MOESM1){ref-type="media"}). Using the simple geometrical model shown on Fig. [5e](#Fig5){ref-type="fig"}, this value led to a theoretical diameter of 4.3 nm, that perfectly matches with the experimental one obtained by DLS (4.3 nm, Fig. [5f](#Fig5){ref-type="fig"}). Note that the model shown on Fig. [5e](#Fig5){ref-type="fig"} does not represent a proposed structure for the calixarene in solution, but only the size of its hydrodynamic volume (see DLS analyses in the Supplementary Note [8](#MOESM1){ref-type="media"} for a more detailed discussion).

Complementary experiments were also performed in order to further confirm the accuracy of our combined SEC/SEC-MALS molecular weight measurements. The purpose here was to obtain a direct matching between SEC/SEC-MALS on one hand, and MALDI MS analyses on the other hand. We first performed an extensive chromatographic work starting from the previously analyzed giant calixarenes synthesis (RbOH, 0.85 equivalent vs. phenol).

This chromatographic work allowed us to obtain a fraction with a SEC-determined molecular weight distribution (Fig. [6a](#Fig6){ref-type="fig"}, red chromatogram) centered at the same value (green vertical line) than the on peak one observed for the starting sample (Fig. [6a](#Fig6){ref-type="fig"}, black chromatogram, see also Supplementary Fig. [49](#MOESM1){ref-type="media"} for a more detailed description). It means that this chromatographic fraction contains the most abundant species present in the starting calixarenes mixture.

A MALDI-MS analysis of this chromatographic fraction (after (N,N diethyl)acetamide-derivatization) shows that it is composed of a reduced number of giant calixarenes, exhibiting a distribution around 25--26 PRUs (Fig. [6b](#Fig6){ref-type="fig"}). This range is close to the one obtained using SEC and SEC-MALS analyses (29 and 28, respectively). This correspondence between SEC/SEC-MALS on one hand and MALDI MS on the other hand confirms the validity of our approach for molecular weights determinations.

Along with the fact that ^1^H and ^13^C NMR spectra show the absence of any end groups (that would be characteristic of linear oligomers), these combined experiments are coherent with a cyclic shape for our compounds. From the hydrodynamic point of view, giant calixarenes can thus be considered (on average) as spheres, the diameter of these spheres corresponding to the one observed for the calixarene in its fully expanded configuration (a more detailed discussion is to be found in the Supplementary Note [8](#MOESM1){ref-type="media"}).

Extensive chromatographic workup also allowed for the recovery of a pure sample of a *p*-(benzyloxy)calix\[25\]arene (see [Supplementary  Figs 50--52](#MOESM1){ref-type="media"} for details).

We also compared the SEC-determined molecular weights of giant calixarenes using calixarenes and linear polymers as calibrants. In the later case, we used (poly)methylmetacrylate (PMMA) as a standard, due to its solubility in the solvent used for the analyses (DMF). Interestingly, we found that the PMMA calibration overestimates the molecular weight of giant calixarenes by a factor of about 2. This allows for a rough estimation of molecular weights of giant calixarenes to be easily obtained, providing that a correction factor of about ½ is applied (see Supplementary Note [5](#MOESM1){ref-type="media"} for a detailed discussion).

The largest calixarenic sizes observed so far are to be found in the precipitate obtained from the hot filtration of the acetone/DMSO solution (Fig. [3](#Fig3){ref-type="fig"}, precipitate P1). For example, we analyzed the precipitate (22 g, starting from 122 g of phenol, 14% yield) obtained from a RbOH-catalyzed synthesis performed using the two-steps process with 0.8 equivalent of phenol (Fig. [7](#Fig7){ref-type="fig"}, see also Supplementary Figs [97](#MOESM1){ref-type="media"}--[101](#MOESM1){ref-type="media"}).

Surprisingly, Fig. [7a](#Fig7){ref-type="fig"} shows that the awaited calix\[8\]arene (red asterisk), is not the main specie. Indeed, most of this sample is constituted by giant calixarenes (Fig. [7a](#Fig7){ref-type="fig"} green asterisks), with a size range centered around 90 PRU (Fig. [7c](#Fig7){ref-type="fig"}, see also Supplementary Fig. [99](#MOESM1){ref-type="media"}).

A SEC-MALS analysis of this sample shows a size range coherent with the previously determined one, centered around 90 PRUs (Fig. [7d](#Fig7){ref-type="fig"}, see also Supplementary Figs [99](#MOESM1){ref-type="media"} and [101](#MOESM1){ref-type="media"}).

MALDI-TOF MS shows the absence of significant amounts of linear oligomers (Fig. [7b](#Fig7){ref-type="fig"}). RbOH seems to be the most efficient base in that regard. For most of the others bases, the main calixarenic specie in this first precipitate is calix\[8\]arene. The reason for this rubidium effect is not clear yet. Some specific coordination effects may be invoked. Theoretical analyses are required to get a rationale of this phenomenon.

Size and yield modulation {#Sec5}
-------------------------

An investigation of the reaction conditions was performed, allowing us to optimize giant calixarenes synthesis. Figure [8](#Fig8){ref-type="fig"} summarizes our most important findings. Figure [8a-c](#Fig8){ref-type="fig"} compares the ^1^H NMR spectra of crude reactions products obtained using different bases (0.3 equivalent vs. phenol, one-step process). The lightest bases (for example NaOH) favor the formation of small calix\[6--8\]arenes. On the opposite, the best yields in giant calixarenes were obtained using the heaviest ones (RbOH and CsOH), regardless of the synthetic process used (one or two-steps). Indeed, the relative intensity of the signal around 6.52 ppm (associated with giant calixarenes) is clearly higher using RbOH and CsOH.Fig. 8Influence of relevant reaction parameters on the yield and size distribution of giant calixarenes. **a**, **b**, **c** evolution of the ^1^H NMR spectra (DMSO-d6; hydroquinone-type protons area) of crude products obtained with different bases (one-step process used for all examples); **d**, **e**, **f** evolution of the ^1^H NMR chemical spectra of the hydroquinone-type protons of crude products obtained using increasing concentrations of CsOH (one-step process); **g** and **h** SEC comparison of two crude samples obtained using different base/phenol ratio. Number of PRUs shown in the boxes. The green asterisks are highlighting bis(homooxa) *p*-(benzyloxy)calix\[4\]arene. ^1^H NMR (DMSO-d6) comparison between low (**i**) and high (**j**) base/phenol ratio, and between low (**j**) and high (**k**) refluxing times. Green asterisks: *p*-(benzyloxy)bishomooxacalix\[4\]arene; red asterisks: linear oligomers

The base/phenol ratio was also shown to exert a strong influence on the yield of giant calixarenes (Fig. [8d-f](#Fig8){ref-type="fig"}; see also Supplementary Figs [72](#MOESM1){ref-type="media"}--[75](#MOESM1){ref-type="media"}). Using CsOH, this yield increases from 35 to 70% ongoing from 0.3 to 0.85 equivalent vs phenol (Supplementary Figs [74](#MOESM1){ref-type="media"} and [75](#MOESM1){ref-type="media"}), as inferred by the increase of the relative intensity of the peak around 6.52 ppm. The same trends are also observed for the two-steps process (Supplementary Fig. [75](#MOESM1){ref-type="media"}), and RbOH as well (Supplementary Figs [72](#MOESM1){ref-type="media"} and [73](#MOESM1){ref-type="media"}).

Along with their yield, the size range of giant calixarenes also considerably increases with the base/phenol ratio, regardless of the synthetic process used. For example, ongoing from 0.6 to 0.8 equivalent of RbOH vs phenol, the size shifts from 11 to 30 PRU as shown by the SEC analysis of the crude products (Fig. [8g/h](#Fig8){ref-type="fig"}, see also Supplementary Figs [72](#MOESM1){ref-type="media"} and [73](#MOESM1){ref-type="media"}).

We also observed that the reaction time required to fully convert linear oligomers to cyclic ones considerably increases with the base/phenol ratio. Figure [8i-k](#Fig8){ref-type="fig"} shows a ^1^H NMR monitoring of calixarenes syntheses using different CsOH/phenol ratios and durations. This monitoring was performed by observing the methylene benzyloxy protons area. Indeed, this area is the most suited for the observation of the end groups associated with linear oligomers. For a 5 hours refluxing time, only calixarenes are observed with a CsOH/phenol ratio of 0.3 (Fig. [8i](#Fig8){ref-type="fig"}). On the opposite, over the same period, a considerable amount of linear oligomers are still observed using 0.85 equivalent of base vs. phenol (Fig. [8j](#Fig8){ref-type="fig"}, red asterisks, compare with Supplementary Fig. [105](#MOESM1){ref-type="media"}). Fifteen hours of reflux in xylene were found to be necessary to fully convert this experiment to calixarenes (Fig. [8k](#Fig8){ref-type="fig"} and Supplementary Figs [83](#MOESM1){ref-type="media"}--[89](#MOESM1){ref-type="media"}). Drawn from the analysis of crude products, all these conclusions were fully confirmed by the analysis of the corresponding purified giant calixarenes (Fig. [9c](#Fig9){ref-type="fig"}) (see also [Supplementary Methods](#MOESM1){ref-type="media"}, for examples of giant calixarenes syntheses under different conditions).Fig. 9Yields of the different calixarenes as a function of the reaction parameters. **a** effect of the base; **b** effect of CsOH and RbOH/phenol ratio for the one-step and two-steps processes; **c** yield of purified giant calixarenes. Sizes expressed as the number of phenolic repetition units (PRU) determined by SEC from the peak molecular weight. ^a^Combined fractions

Figure [9](#Fig9){ref-type="fig"} summarizes our optimization work (in the case of crude products, yields were determined by ^1^H NMR analyses). Figure [9c](#Fig9){ref-type="fig"} shows that both the yield (between 15 and 65%) and size range of giant calixarenes (between 17 to about 90 PRU) can be tuned.

Regarding the two-steps process, we also analyzed in greater details the remaining filtrates obtained during the acetone/DMSO purification of giant calixarenes (Fig. [3](#Fig3){ref-type="fig"}, filtrate F2, see also Supplementary Fig. [114](#MOESM1){ref-type="media"}). After complete evaporation of acetone (leaving a DMSO-only solution) and addition of ethanol, a microcrystalline precipitate systematically appeared. This precipitate and the complementary filtrate were analyzed separately. As an example, using 0.4 equivalent of CsOH in a two-steps process, a combined ^1^H NMR/MALDI-TOF MS/SEC analysis shows this precipitate to be only constituted of linear oligomers (Supplementary Figs. [105](#MOESM1){ref-type="media"}--[108](#MOESM1){ref-type="media"}). The MALDI-TOF MS analysis (Supplementary Fig. [107](#MOESM1){ref-type="media"}) shows the absence of calixarenes. A first family of signals at M~(calix\[n\]arene)~ + 18 and M~(calix\[n\]arene)~ + 48 are observed, corresponding to H-(Ar-CH~2~)~n~-CH~2~OH and HOCH~2~-(Ar-CH~2~)~n~-CH~2~OH, respectively (Supplementary Fig. [104a, b](#MOESM1){ref-type="media"}). These end groups are also observed on both the ^1^H and ^13^C NMR spectra (Supplementary Figs [105](#MOESM1){ref-type="media"} and [106](#MOESM1){ref-type="media"}). Moreover, others families of peaks are also observed, shifted from the previous ones by 30 amu (i.e., insertion of extra --CH~2~-O- units, Supplementary Fig. [104c](#MOESM1){ref-type="media"}). These linear oligomers are thus belonging to the well know family of resole-type phenol/formaldehyde polymers^[@CR53]--[@CR58]^, commonly observed during the base-catalyzed phenol-formaldehyde condensation.

Moreover, a compared MALDI-TOF MS analysis of calixarenes and linear oligomers of comparable molecular weight shows that both have the same response factor.

An analysis of the filtrate obtained upon filtration of the previously discussed DMSO/ethanol precipitate (Fig. [2](#Fig2){ref-type="fig"}, F4) shows it to be constituted exclusively of calix\[n\]arenes, with *n* ranging from 6 to 14 (two examples shown in Supplementary Figs [109](#MOESM1){ref-type="media"}--[113](#MOESM1){ref-type="media"}).

Thus, the purification process based on acetone/DMSO shows a threshold effect. Importantly, all the calixarenic species with a PRU number \< 15 and all the linear oligomers (regardless of their size) are easily separable from giant calixarenes. This in turn constitutes a strong argument to assess the cyclic structure and purity of giant calixarenes.

Discussion {#Sec6}
==========

Our results clearly demonstrate that the *p*-(benzyloxy)phenol/formaldehyde/base system shows a considerable propensity to produce very large cyclic oligomers in high yields. In some cases, their size range expands well above the current record around 20 PRU obtained with *p*-(^t^Bu)calixarenes^[@CR41]--[@CR43],[@CR61]^. Two questions then arise: why were these giant calixarenes not discovered earlier? Are others *p*-functionalized phenols able to produce large/giant calixarenes in high yields using same conditions? Under high base/phenol ratio (for example 0.5 equivalent of RbOH or CsOH vs. phenol), only small calixarenes were previously described using *p*-(^t^Bu) or others *p*-(alkyl)phenols^[@CR47]^. However, others products were also mentioned, ascribed to linear oligomers. But the difficulty to discriminate between linear vs. cyclic high molecular weight oligomers leaves the possibility for giant calixarenes for being overlooked. Moreover, we observed that for *p*-(benzyloxy)phenol, reaching the equilibrium composition with high base concentration required unusually long refluxing periods (15 h). This unusually long reaction time is probably due to slowed water removal, in relation with its increased coordination to the metallic cations.

We thus decided to reinvestigate the synthesis of *p*-(alkyl)calixarenes synthesis, using high base concentration and long reaction times. Refluxing for 18 h a xylene solution of *p*-(^t^Bu)phenol/paraformaldehyde/CsOH (1/2/0.8 ratio, one-step process) resulted in a complex mixture of products, where giant calixarenes are indeed observed (Supplementary Fig. [115](#MOESM1){ref-type="media"}, one-step process). A giant calixarenes synthesis run with *p*-(heptyl)phenol also resulted in a similar mixture of several products, where very large cyclic oligomers are also observed (Supplementary Fig. [116](#MOESM1){ref-type="media"}). However, their amount remains low in both cases, as evidenced by MALDI-TOF MS and ^1^H NMR (Supplementary Figs [115](#MOESM1){ref-type="media"}, [116](#MOESM1){ref-type="media"} and [123](#MOESM1){ref-type="media"}). A high proportion of linear oligomers is also observed, and the composition in these two cases is far more complex than the one observed using *p*-(benzyloxy)phenol (Supplementary Fig. [123](#MOESM1){ref-type="media"}, comparison). On the other hand, ^1^H NMR and MALDI-TOF MS analyses of the crude product obtained from the base-catalyzed condensation of *p*-(octyloxy)phenol with formaldehyde (one-step process, 0.6 equivalent of CsOH vs. phenol) both show that only calixarenes are present (Supplementary Figs [124](#MOESM1){ref-type="media"}--[126](#MOESM1){ref-type="media"}). The formation of giant calixarenes is thus a general phenomenon. Thus, along with high concentrations of heavy alkaline bases (RbOH, CsOH), the presence of an oxygen atom at the *p*-position considerably favors their formation. These puzzling features may be rationalized in three ways. First, large Rb^+^ or Cs^+^ cations are easily dissociated from phenolate anions, thus resulting in net negative charge on the growing intermediate linear oligomers. Electrostatic repulsion may then slow down the last cyclisation steps. This leaves enough time for these oligomers to grow up to large PRU before the final cyclisation. This interpretation is reinforced by the fact that using solvents with a higher polarity than xylene favors the formation of giant calixarenes. As an example, we performed the synthesis of *p*-(benzyloxy)calixarenes in chlorobenzene (Supplementary Figs [117](#MOESM1){ref-type="media"}--[121](#MOESM1){ref-type="media"}), a solvent exhibiting a higher dielectric constant than xylene. The amount of giant calixarenes is increased using this solvent, prone to ease the dissociation of Cs^+^ cations from the corresponding phenolates compared with xylene (Supplementary Fig. [122](#MOESM1){ref-type="media"}). Second, the oxygen atoms at the para position is likely to interfere with the cyclisation process, by disturbing the intramolecular hydrogen/coordination bonds networks required to efficiently promote the cyclisation of the intermediate linear oligomers. A longer time will again be left to the intermediate linear oligomers to grow up before cyclisation. Last, the para-oxygen may favor the approach of the phenolic monomers towards the growing linear chain, by coordination to its surrounding cations. This effect is likely to increase the effective concentration of reagents around the growing linear oligomers, thus accelerating their growth rate. All-in-one, the size distribution of giant calixarenes is tunable as a function of both the base used, and its concentration.

Regarding purification concerns, we developed two different purification processes. Both processes are DMSO-based, as this solvent was found to be the only one (with DMF) allowing for true solutions to be obtained (without formation of colloidal suspensions), regardless of calixarene's sizes. The acetone/DMSO recrystallization process was found to be appropriate if significant amounts of linear oligomers and/or small calixarenes are present in the crude products (as it is usually the case for the two-steps process). The ethanol/DMSO recrystallization process is better suited (due to its simplicity) when lower amounts of linear oligomers and small calixarenes are obtained in the crude products. An interesting feature of the acetone/DMSO recrystallization process is its cutoff effect. As shown above, all the calixarenes with a PRU number below 15 do remain in solution, along with most (if not all) the linear oligomers.

As detailed above, both the one and two-steps synthetic processes are leading to giant calixarenes, and show similar overall trends. However, the one-step process usually gives cleaner results (lower amount of linear oligomers). Regarding the two-steps process, a complete dissolution of the solid intermediate is not always observed. A specific chemistry may thus also occur inside this solid material. This later remark points to the possibility for a specific, solid-state chemistry to occur within the solid precursor during the two-steps synthesis of giant calixarenes. This analysis prompted us to study the possibility to obtain calixarenes using a quasi-solid-state chemistry, i.e., without any dissolution/dispersion of the intermediate solid precursor. Towards that goal, the second annealing step was run using a liquid where the solubility of the solid precursor is negligible at the working temperature (Supplementary Fig. [103](#MOESM1){ref-type="media"}). This liquid thus only plays the role of heat transmitter/water remover. Octane or silicone oil proved to be the best ones. This second step was run without any stirring/grinding system (i.e., mechanical stirrer switched off), to avoid any fragmentation/dispersion of the solid, and thus evidence true solid-state reactions. This fundamentally differentiates this approach from the already known ball-milling (grinding) synthesis of calixarenes^[@CR62]^. After a 20 hours refluxing period at 125 °C in octane, the precursor does not show any dissolution/disintegration or softening features, and thus remains as a brittle solid material all the annealing process long (Supplementary Fig. [103A](#MOESM1){ref-type="media"}). For this experiment we used a CsOH/phenol ratio of 0.8. Despites this lack of any visible evolution for this solid, ^1^H NMR monitoring of the composition of this material vs. time revealed deep changes. The spectrum of the yellow precursor at the end of the first step (i.e., before the annealing step) shows its main component to be a phenolic dimer (Supplementary Fig. [103B](#MOESM1){ref-type="media"}). At the end of the annealing period in refluxing octane, a complete disappearance of the phenolic dimer is observed, along with the appearance of sharp, symmetric signals characteristic of calixarenes (Supplementary Fig. [103C](#MOESM1){ref-type="media"}). Indeed, the MALDI-TOF MS analysis shows this crude material to be constituted nearly exclusively of calixarenes (Supplementary Fig. [103D](#MOESM1){ref-type="media"}) including between 9 and 15 PRU. This result shows that a very specific chemistry does indeed occurs within the solid precursor. This is likely to explain the differences observed between the one-step and two-step processes.

We disclose here that some *p*-(alkyloxy)functionalized phenols, used in combination with high concentration of high-Z alkaline bases are prone to produce very large cyclic oligomers in high yields and purity, on a large scale. The systematic study we conducted allows for an easy recovery and a rough tuning of the size of these macrocycles, (up to around 90 PRU), along with high yields. Another characteristic feature is the possibility to obtain these large calixarenic macrocycles according to an original protocol, without any kind of grinding/ball-milling device. Their size makes these giant macrocycles true organic nanoobjects. Thus, along with their ease of functionalization, this family of nanoobjects opens interesting perspectives in nanoscience.

Methods {#Sec7}
=======

All the reagents and solvents were obtained from TCI, and used without any further purification. ^1^ H and ^13^  NMR were recorded on Bruker AC 250, 300 and 360 MHz. All the spectra were recorded in DMSO-d6.

Synthesis: one-step process (see also [Supplementary Methods](#MOESM1){ref-type="media"}).

Synthesis {#Sec8}
---------

In a typical synthesis, a suspension of 100 g of *p*-(benzyloxy)phenol and 15 g of paraformadehyde in 700 mL of xylene (technical grade) is loaded under argon in a 2-L, three necked flask fitted with a Dean-Stark collector, a magnetic stirrer, and a heating oil bath. The system is then flushed with argon under strong stirring and kept under argon all the synthesis long. The heating bath is then switched on. At 90 °C, the required amount of base (from 0.3 to 0.85 equivalent vs. phenol) is then added as a 50% solution (w/w) in water. The suspension is then refluxed for 6 hours (0.3 equivalent of base) to 15 hours (0.8 equivalent of base).

Purification process A: DMSO/acetone recrystallization {#Sec9}
------------------------------------------------------

After cooling the reaction media down to ambient temperature, 500 mL of THF are added, and the suspension is neutralized by slowly adding 1.1 equivalent (vs. initially introduced base) of 37% HCl under strong stirring. The reaction media is then evaporated to dryness. The obtained solid is then suspended in 2 L of methanol under strong stirring for two days and filtered. The cream-colored solid is then suspended in 2 L of acetonitrile under strong stirring for 2 days and filtered. After drying, the precipitate is dissolved in 120 mL of DMSO at 100 °C.  2L of acetone are then rapidly added, and the resulting suspension is hot filtered, leaving a precipitate of p-(benzyloxy)calix\[8\]arene (combined with giant calixarenes in some cases, especially if RbOH is used). The corresponding filtrate is stored for three days at 1 °C, leaving a microcrystalline precipitate. This precipitate is filtered, washed with a DMSO/acetone solution (10/90 v/v), then pure acetone, and dried under vacuum. Analyses show this precipitate to be only constituted of giant calixarenes, as a mixture of different ring sizes.

Purification process B: DMSO/EtOH recrystallization {#Sec10}
---------------------------------------------------

 120 g of neutralized, methanol washed crude product were dissolved in 150 mL of DMSO. A volume of 150 ml of ethanol is then added. This solution is stored overnight at 1 °C. The resulting precipitate is collected by filtration, and dried under vacuum. Analyses show this precipitate to be only constituted of giant calixarenes, as a mixture of different ring sizes.

Note: These syntheses were upscaled up to 400 g of starting p-(benzyloxy)phenol without any difference in the composition/yield. The synthesis and characterisation of p-(benzoyloxy)calixarene is described in the supplementary methods section.

Synthesis: two-steps process (see also [Supplementary Methods](#MOESM1){ref-type="media"}).

A 2 L three necked round bottomed flask fitted with a mechanical stirrer, a Dean-Stark collector, and a heating mantle is loaded with 104 g of p-(benzyloxy)phenol and 130 mL of 37% formaldehyde. One of the lateral necks is connected via a (closed) glass valve to a water-filled bubbler. The system is then purged with argon. An aqueous 50% weight solution of base (accounting for a base/phenol ration between 0.3 and 0.85) is then added under strong argon flushing, and both the mechanical stirrer and the heating mantle are switched on. The initial thick suspension rapidly turns into a deep yellow clear solution. The reaction is then refluxed for 30 minutes. While keeping the reaction media under reflux, the lateral glass valve is then open while increasing the argon debit, thus enabling a fast argon stream (about 10 bubbles/s) through the flask. This result in a fast removal of water, up to complete evaporation and solidification of the reaction media, resulting in a yellow to orange solid (depending on the initial base loading): the precursor. The mechanical stirrer is then switched off. The duration of this evaporation shows a surprising dependence on base: the higher the amount of base used, the lower the evaporation time (from 30 minutes to 1 h, respectively). A volume of 500 mL of xylene is then added, and the system is then refluxed under strong mechanical stirring for 10 hours under argon. After cooling down to ambient temperature, the resulting thick suspension is neutralized with a solution of 1.2 equivalent of HCl (37%, aq.) vs. the initial amount of base in 700 mL of THF, under strong mechanical stirring for 24 h. The resulting fluid suspension is then evaporated to dryness.

Purification process A: DMSO/acetone recrystallization {#Sec11}
------------------------------------------------------

The previously obtained solid is suspended in 2 L of MeOH under strong stirring for 2 days. After filtration and drying, the precipitate is then washed with 2 L of acetonitrile under strong stirring for two days. After filtration and drying, the precipitate is dissolved in 120 mL of DMSO at 120 °C under argon. A volume of 2 L of acetone is then added while hot, and the resulting suspension is hot filtered. The filtrate is then kept at 1 °C for three days, resulting in the formation of a microcrystalline precipitate on the walls of the glassware. This precipitate is recovered by filtration, washed with an acetone/DMSO (90/10) solution, and then with pure acetone and dried under vacuum.

Purification process B: DMSO/ethanol recrystallization {#Sec12}
------------------------------------------------------

The crude solid obtained at the end of the second annealing step is suspended in 2 L of MeOH under strong stirring for two days. After filtration and drying, the precipitate is then washed with 2 L of acetonitrile under strong stirring for two days. After filtration and drying, the precipitate is dissolved in 120 mL of DMSO at 120 °C under argon. After cooling down to ambient temperature, 120 mL of ethanol are then added, and the resulting solution is left at 1 °C for three days. The resulting precipitate is then filtered, washed with EtOH, and dried under vacuum.

Analytical tools {#Sec13}
----------------

NMR: Otherwise specified all the spectra were recorded in DMSO-d6. See Supplementary Note [1](#MOESM1){ref-type="media"} for details.

MALDI-TOF mass spectrometry: MALDI-TOF MS analyses were performed using an UltrafleXtreme mass spectrometer (Bruker Daltonics, Bremen) or a Voyager DE-sSTR mass spectrometer (AB Sciex, les Ulis France). Acquisitions were performed in reflector or linear positive ion mode. The laser intensity was set just above the ion generation threshold to obtain peaks with the highest possible signal-to-noise (S/N) ratio without significant peak broadening. The mass spectrometer was externally calibrated using PEG. All data were processed using the program FlexAnalysis (Bruker Daltonics, Bremen) or the Data Explorer software package (AB Sciex, les Ulis France).

Trans-2-\[3-(4-ter-Butylphenyl)-2-propenylidene\] malonitrile (DCTB) was used as the matrix for MALDI-TOF MS. Sodium, potassium, and cesium trifluoroacetate salts were used as cationizing agents. All were of the highest available grade (from Sigma Aldrich Co) and used without further purification. See Supplementary Note [3](#MOESM1){ref-type="media"} for details.

Size Exclusion Chromatography (SEC): The SEC characterization of the giant calixarenes was performed on a PL GPC 120 apparatus equipped with an autosampler and a RI detector, thermostated at 70 °C. 2 PL Resipore columns and a precolumn were used and thermostated at 70 °C. The mobile phase was a mixture of DMF and 0.01 M LiBr delivered at a flowrate of 0.7 mL min^−1^. The samples were prepared with a concentration of 0.25 wt% in a solution containing the mobile phase and 0.25 wt% toluene, used as flow marker. Injection volume was 20 μL.

Polymethylmethacrylate equivalent number-average, weight-average molar masses, and peak maximum molar masses (Mn, Mw, and Mp) and dispersities Ɖ were calculated by means of PMMA calibration curve using PMMA standards from 1.86 to 520.0 Kg.mol^−1^ (Agilent, USA). Calixarènes equivalent number-average, weight-average molar masses, and peak maximum molar masses (Mn, Mw, and Mp) and dispersities Ɖ were calculated by means of calixarenes calibration curve using calixarenes standards from 1.272 to 3.393 Kg.mol^−1^, obtained by the authors after precise purification and characterization (^1^ H NMR, MALDI-MS, SEC-MALS). See Supplementary Note [4](#MOESM1){ref-type="media"} for details.

SEC-MALS molecular weight determination: The SEC-MALS analyses were performed using thermostated columns at 50 °C. Two columns were used: Tosoh Alpha 2500 (exclusion limit: 5 000) + Tosoh Alpha 3000 (exclusion limit: 90 000). The eluent used was a 10 mM LiBr in DMF solution, at a 1 mL/min flowrate. The injected volume was 50 μL.

The detection was made using two detectors:

Differential refractometric detector: Optilab Rex, Wyatt;

Multiangles static light diffusion detector: TREOS Wyatt, 3 angles, laser wavelength = 658 nm.

For the interpretation of the results, the ASTRA VII (Wyatt Technology) software was used.

Alternatively, the SEC-MALS analyses were performed using a MALVERN "VISCOTEC" SEC-MALS 20 apparatus, in THF solutions, using a 35 °C thermostated column. See Supplementary Note [7](#MOESM1){ref-type="media"} for details.

Dynamic Light Scattering (DLS) size determination: The solutions for DLS analyses were prepared by dissolving 15 mg of the calixarene sample in 2 mL of DMSO. The solutions were then stirred for 10 min., filtered (0.2 µ filter), and analyzed. No differences were found in the observed sizes distributions upon repeating the measurement on the same solution 24 h later. The analyses were performed on a Malvern Nano-ZS zetasizer, operating at 633 nm. See Supplementary Note [8](#MOESM1){ref-type="media"} for details.

Pulsed Gradient Spin-Echo NMR exeriments: the experiments were performed at 20 °C on a Bruker AMX 500 500 MHz spectrometer, using DMSO as the solvent. See Supplementary Note [6](#MOESM1){ref-type="media"} for details.

Supplementary information
=========================

 {#Sec14}

Supplementary Information

**Publisher's note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Electronic supplementary material
=================================

**Supplementary Information** accompanies this paper at 10.1038/s41467-018-07751-4.

V.H. designed and conducted the project, wrote the manuscript, and was also directly involved in the synthetic work. C.M. carried out synthetic work and designed some of the analytical protocols. M.R. and D.G. performed the SEC characterizations, S.V. performed the PGSE NMR experiments, V.G. performed the MALDI-TOF MS analyses, L.C, B.L. P.S-.A, R.L. and P.R. performed the SEC-MALS and DLS characterizations and their interpretation.

The data that support the findings of this study are available from the corresponding author upon request

Competing interests {#FPar1}
===================

The authors declare that three patents are in relation with this work: (1) Procédé de préparation à hauts rendements de *p*-(R)calix\[9--20\]arènes. C. Martini, V. Huc, French patent 2014 (14/51660). (2) Procédé de préparation à hauts rendements de *p*-(R)calixarènes géants. C. Martini, V. Huc, 2012 (WO2014033407 A1). (3) Procédé de préparation à hauts rendements de *p*-(R-oxy)calix\[9--20\]arènes. C. Martini, V. Huc, 2012 (WO 2014033406 A1).
